Introduction
Increasingly, large multi-function displays (often utilising touch screens) are replacing traditional interactions in cars. For vehicle designers, the main benefits of using such interactive displays is twofold: a) they can display a large amount of useful information, of increased complexity and a graphical nature, such as maps for satellite navigation and traffic updates, and b) a greater number of in-vehicle controls can be accommodated in a smaller space. These developments are likely to have a considerable impact on drivers' interactions and attitudes for a number of reasons.
First, the use of touchscreens is likely to be particularly visually demanding. Interaction with any in-car device is a visual-manual secondary task that could potentially interfere with the primary task of driving. Traditional controls such as knobs, switches and buttons are 'tactile' and can often be controlled with little or no visual attention away from the road ahead. In contrast, touch screens have a uniform smooth surface and therefore require visual feedback in order to operate them. This increase in visual demand means that there is less time available for looking at the road and other driving-relevant stimuli, which is required for guiding steering and maintaining lane position [1] and detecting hazards [2] . Laing and Lee [3] have shown that visual distraction can lead to steering neglect and overcompensation, impaired hazard detection and frequent, long off-road glances. In particular, long off-road glances are associated with higher crash risk [4] .
Second, touch screens can accommodate more complex information, such as menus, traffic reports or news bulletins, which increases cognitive demands on the driver. Reading even small sections of text requires cognitive resources that would otherwise be available for driving, but increasing semantic or syntactic complexity is likely to lead to increases in cognitive interference. Furthermore, text is likely to be particularly distracting when content is engaging and unrelated to the driving task (e.g. text messages; social media). As a consequence, the National Highway Traffic Safety Administration (NHTSA) in the US have recommended that certain tasks should be associated with 'per se lockout' in their latest guidelines [5] . This means that in-vehicle devices should be designed so that drivers cannot perform these tasks when a vehicle is in motion. Text-based tasks recommended for per se lockout include the display of automatically scrolling text and the display of text from books or periodicals, web page content, social media, advertising messages or text-based messages, as well as tasks that involve manual text entry for messaging or browsing. The Japanese Automobile Manufacturers Association (JAMA) recommends that text displays exceeding thirty one characters should be prohibited while a vehicle is in motion [6] , although it should be noted that these guidelines are not necessarily suitable for other languages or alphabets.
However, as noted by NHTSA [5] , the per se lockout of all possible non-driving-related reading tasks is not feasible since this would impact on existing displays, for example that show time of day and radio station identifiers. Furthermore, the NHTSA guidelines are not intended to apply to text relating to safe driving, such as notifications of emergency situations that might present a safety risk or warnings of extreme weather conditions. Given that most in-car digital displays will result in drivers reading text at some point, a major issue for designers is how aspects of the display, such as text size, affect driving by influencing the visual demands placed on the driver. What, if any, are the implications of altering the size of text displayed on in-car touch screens, and are there optimal text sizes that minimise impact on the primary task of driving by minimising reading time and off-road glances? NHTSA guidelines incorporate ISO 15008 [7] criteria for image quality and legibility of displays to ensure that text can be read easily by a driver with at least 20/20 vision who is restrained by a seatbelt. However, to date, surprisingly little is known about the effects of text size on legibility under driving conditions, or about any subsequent impact on driving performance.
Presenting Text on Displays
Previous research into the effects of text size on reading from screens in non-driving-related contexts, such as desktop computer displays, electronic books and handheld mobile devices, has revealed effects of text size on objective measures (e.g. [8, 9, 10, 11] ) and subjective measures (e.g. [10, 11, 12, 13] ). These studies are not comparable with each other as they adopt different type faces, display resolutions, ranges of text sizes, viewing distances, and tasks, making it difficult to draw any overall conclusions about optimal text sizes. However, in general, very small or very large text sizes tend to lead to poorer performance (in terms of reading speed and accuracy) and/or poorer subjective ratings (e.g. perception of legibility, sharpness and general preference). Kingery and Furuta [8] suggest that poorer performance associated with smaller text sizes can be attributed to a lack of definition in internal patterns of words. In contrast, poorer performance associated with larger text sizes is likely to be because less 'meaningful information' can be seen with one fixation.
In-Car Displays
It is important to note that optimum text sizes in non-driving contexts are not necessarily transferable to in-car devices. In contrast with a 'normal' reading experience, drivers are likely to read text in shorter, interrupted glances. Furthermore, the in-car device is often located in the centre console, requiring the driver to read text 'off axis', at an angle of about fifteen degrees or more [14] and potentially at greater distances than in sedentary environments. Fujikake et al. [15] report subjective ratings of readability of five different font sizes of Japanese and English text in two different viewing locations (directly in front of the participant and thirty degrees to the left). Significantly higher readability ratings were associated with text presented directly in front, and overall, the largest text size used (10mm character height) was deemed most readable. However, in this case, reading was a primary task. Similarly, Cai and Green [14] develop equations to predict appropriate target heights for in-vehicle displays, and note the requirement for increasing character height in order to compensate for the increase in target distance, decrease in actual projected height and decrease in display luminance associated with off-axis viewing. However, these equations do not take into account factors associated with reading as a secondary task.
To the authors' knowledge, few studies to date have investigated the effects of text characteristics on reading under driving conditions, and none have investigated the effects of text size on objective reading measures or driving behaviour. Reimer et al [16] compared two different typeface designs in a simulated driving task, both with a 4mm capital letter height as measured at the screen face. Participants were required to select a target item from a five-item list while driving a simulation of a two-lane highway. Results indicated that the Humanist typeface was less visually demanding than the Square Grotesque typeface, as evidenced by shorter task times, shorter total off-road glance durations and fewer off-road glances, but only for male participants. Viita and Muir [17] established subjective levels of text readability for a centre console display and an instrument cluster display during a simulated driving task. The minimum capital letter height that users found comfortable and acceptable was generally larger for traditional Chinese text than English text, confirming that characters with higher density should be larger (see also [15] ). Viita and Muir's [17] conclusions support a 4mm minimum capital height for use on centre consoles. 7 
The Study
In the study described herein, a centre console touchscreen display was mounted in a driving simulator to investigate the effects of text size on both objective measures (i.e. reading time; off-road glance behaviour) and subjective measures, and to identify the optimal text size for use in a driving context. A further aim was to establish whether text size impacts on driving performance by measuring speed and lane position in the driving simulator. Since safety guidelines discourage reading large paragraphs of text for comprehension while driving, reading from in-car displays is more likely to be akin to a search task (e.g. looking for a menu heading or an item on a list) or a scanning task (i.e. scanning a piece of text for relevant information). For this reason, we decided to use the pseudo-text task employed by Huang et al. [11] . The pseudo text task involves searching for a target character amongst random strings of characters, presented to appear as words.
This mimics actual reading in the sense that the participant is instructed to scan from left to right and top to bottom, but it removes the requirement for higher level processes involved in comprehension. Therefore, one of the main advantages of using pseudo-text as opposed to normal text is that it completely removes any variation caused by introducing semantic information. Furthermore, eye-movements when reading pseudo-text are thought to resemble eye-movements during normal reading [18, 19] .
In addition to measuring reading time, we monitored drivers' eye-movements, car speed and lane position in order to find out which text sizes (if any) increased the amount of time spent looking away from the road and which text sizes (if any) significantly altered driving behaviour. It was our hypothesis that any text sizes that are too large or too small would result in an increase in frequency and duration of off-road glances together with a subsequent increase in reading time. We also predicted that inappropriately sized text would result in a significant change in driving measures. For example, an increase in speed variation (i.e. drivers might inadvertently increase their speed because they are distracted or deliberately decrease their speed to compensate for the additional cognitive load). Given that we were predicting that inappropriately large/small text sizes would lead to drivers spending less time looking at the road, we also predicted that these text sizes would cause increases in the variation of lane position, as the driver requires visual feedback from the road to maintain lane position.
Method

Participants
Participants were self-selecting volunteers who responded to advertisements posted online and around the University campus. Other than driving experience, no specific criteria or restrictions were placed on volunteers. Sixteen people were recruited for the study ( 
Design
A repeated measures design was used, with 'text size' as the independent variable. Five different capital letter heights were compared: 9mm, 8mm, 6.5mm, 5mm, or 4mm. Where appropriate, an additional level of this independent variable was included: a 'baseline' condition during which no text was presented. Dependent variables were task completion time, number of off-road glances, total and mean duration of off-road glances, mean and standard deviation of speed, and mean and standard deviation of lane position. We also included number of off-road glances greater than two seconds as a dependent measure, since it has been shown that off-road glances longer than two seconds increase near-crash and crash risks by at least two times that of normal, baseline driving [4] .
Apparatus and Stimuli
The study took place in a fixed-based, medium fidelity driving simulator (see Figure 1 ), which provided a safe, repeatable and cost-effective method to conduct the research. The simulator comprised the front half of a 2001 right-hand drive Honda Civic SE car positioned within a curved screen providing approximately 270° viewing angle. The driving scenario was projected onto the screen using three overhead projectors, with rear views relayed to the side mirrors and behind the car using video cameras and LCD displays; the rear view could be seen by the driver using the existing rear-view mirror. Drivers were able to interact with the car and scenario using an authentic steering wheel which provided force feedback, accelerator, brake and clutch pedals and steering column controls, such as indicators, situated within the car. The simulated driving scenario and driving experience were created using STISIM Drive (version 2) software. A bespoke Java application was integrated with the STISIM Drive software to calculate road speed; this was presented on an 8 inch LCD display fitted into the instrument panel to mimic the car dashboard.
The driving scenario comprised a straight three-lane motorway, similar to that specified by NHTSA for distraction testing [5] , with moderate traffic on both sides of the carriageway.
Scenery was rural (fields, mountains, trees) to avoid including anything too visually distracting. Occasional directional road signs and slip roads were included for additional authenticity. At the start of the scenario, a yellow 'lead car' appeared in the inside lane and continued at a speed of 65mph. Participants were instructed to join the motorway and follow the lead car at a distance that they deemed to be safe and appropriate, in line with the NHTSA eye-glance testing using a driving simulator (EGDS) protocol [5] .
Vehicle control data, such as road speed and lateral lane position, were recorded at onetenth of a second intervals throughout the simulated drive using the STISIM Drive data logging facility. Audio-visual recordings of the participant and driving scenario were also made during the experiment using four miniature cameras strategically positioned for nonobtrusive data capture.
An ETG (Eye Tracking Glasses) system from SensoMotoric Instruments (SMI) was used to collect binocular gaze data at thirty Hertz. This system produces a gaze cursor overlaid onto a scene video recorded from the participant's point of view to provide a real-time video record of where the participant was looking throughout the experiment.
Pages of pseudo-text were generated in line with ISO 9241-3 [20] . These consisted of random strings of characters separated by single spaces to represent 'words'. Characters were taken from a specified character subset including upper and lower case letters and numbers (i.e. A to Z, a to z and 0 to 9). The total number of characters in a single page of The median text size (6.5mm) was selected as it was very close (given the limitations of the rendering software and screen resolution) to the minimum suggested text size for standard panel viewing distance (700 mm) based on the Bond Rule [21] . The smallest text size (4mm) is comparable with the minimum cap height found to be acceptable and comfortable for reading English text in Viita and Muir's study [17] . The median text sizes -8mm and 5mm -were chosen as they lay roughly half-way between the other sizes, given the limitations of the display and rendering software. and press a 'tick' button to indicate that they had completed the trial (see Figure 2) .
The pages of pseudo-text were presented to participants using a 10.1 inch LED-backlit capacitive touchscreen (Motorola Xoom android tablet) located in the centre console of the car. The text was coded using HTML and rendered on-screen using a web-browser. Task completion time was recorded client-side using Javascript and saved to a server-side data file using PHP script. 
Procedure
Participants were given the opportunity to complete a short practice drive at the start of the experiment in order to become familiar with the controls and to determine whether they were likely to suffer from simulator sickness symptoms. Participants were instructed to drive the simulator as if driving a real car. For the experimental drive, they were asked to drive along a slip-road and join the motorway behind a yellow 'lead car' and to continue to follow the lead car for the duration of the experiment. The purpose of this was to (i) ensure that all drivers stayed in the inside lane, thus reducing variability in the results due to overtaking, (ii) encourage drivers to pay attention to the road ahead, (iii) discourage drivers from speeding, driving unsafely, or displaying 'racing behaviour' associated with playing driving games and (iv) discourage drivers from driving unnaturally slowly in order to score more highly on the reading task.
Participants drove for two minutes in the simulator before the first passage of pseudo-text was presented in order to collect baseline driving data. During this time, the touch screen was blank. Baseline speed and lane position data were collected from the simulator during the second minute of the drive. The experimenter then initiated presentation of the first passage of pseudo-text. The five passages of pseudo-text were presented in descending order of text size (this was unfortunately a limitation in the software used to generate and present the pseudo text); passages of pseudo-text were separated by a delay of ten seconds, during which time the display was blank.
Participants were instructed to scan each piece of text by 'reading' it from the top left to the bottom right (as if they were reading a normal page of text), and identify the presence of a target character. The target character remained consistent for all scenarios (although the text passages varied), to avoid possible differences in 'pop-out' effects for different characters.
Participants were told to press the '+' button every time they detected a target character rather than mentally count each occurrence, then touch the tick symbol when they had reached the end of the text (see Figure 2) . Upon touching the tick symbol, the screen went blank and participants were asked by the experimenter to rate the suitability of the text size for driving on a scale of 1 to 5 (where 1=too small, 3=about right and 5=too big).
Participants were told to work as quickly and as accurately as possible and were advised to avoid trying to memorise their 'counts' or to re-read the text to 'check' their responses as this would distract them from carrying out the task properly.
Results and Analysis
Task Times
Task times were analysed using a repeated measures ANOVA with 'text size' as the independent variable. Unfortunately, two participants had to be excluded (from the task time analysis only) due to technical problems capturing the data. Summary statistics from the remaining fourteen participants are shown in Table 1 . Results of the ANOVA test revealed no effects of text size on task time. 
Off-Road Glances
A series of one-way repeated measures ANOVAs were used to analyse number of off-road glances, total time spent looking off-road, mean off-road glance duration and number of offroad glances that were greater than 2 seconds, with 'text size' as the independent variable.
There were five levels of text size: 9mm; 8mm; 6.5mm; 5mm and 4mm. Again, data from two participants had to be eliminated from the analysis due to technical problems, so the ANOVA tests were performed on data from the remaining fourteen participants. Graphs depicting the relationships between font size and each of the dependent measures are presented in Figure 3 .
[insert figure 3 here] Figure   3 , the number of off-road glances increased while the mean duration of off-road glances decreased with increasing text size. Therefore, participants made more frequent, shorter glances when the text size was larger, and less frequent, longer glances when the text size was smaller. Repeated contrasts revealed that this difference was significant between text sizes of 6.5mm and 8mm for both number of glances and mean glance duration (p<0.01 in both cases).
There was also an effect of text size on the number of off-road glances greater than 2 seconds (F4,52 = 5.297; MSE = 1.541; p<0.01), with the number of long off-road glances decreasing with increased text size (see Figure 3) . Repeated contrasts revealed that this effect was largely due to a significant difference between text sizes of 5mm and 6.5mm (p<0.05).
Driving Performance
Mean speed and mean lane position were calculated for each participant during each task and during the baseline drive. Standard deviation of speed and standard deviation of lane position were also calculated for each participant during each task and during the baseline drive as a measure of speed and lane variation respectively. These measures were subjected to four similar one-way ANOVA tests with font size as the independent variable. Data from all sixteen participants were included in the analysis and means and standard errors are shown in Table 2 . However, there were no significant effects of text size on any of the driving measures. 
Subjective Ratings
Friedman tests were performed on participants' subjective ratings of suitability of text size for driving, comparing the five levels of font size. Median ratings for suitability are presented in Table 3 . These ratings were given after performing the reading task while driving, on a scale of 1 ('too small') to 5 ('too big') where 3 indicated 'just right'. There was a significant difference in ratings of suitability for driving depending on text size (Chi squared = 35.602; df = 4; p<0.001). Wilcoxon comparisons between consecutive text sizes (e.g. 4mm vs. 5mm; 5mm vs 6,5mm; etc.) with Bonferroni corrections revealed that this difference was significant between 6.5mm and 8mm. The median rating for 8mm was 3 ('just right') while the median rating for 6.5mm was 2 ('slightly too small'), indicating that participants thought that the 8mm font size was more suitable. 
Discussion
The study found no evidence to suggest that the overall visual demands of the pseudo-text search task changed with different text-sizes: there were no effects of text size on overall reading time and overall glance duration. However, the patterns of off-road glances were influenced by text size: participants made fewer, longer glances when smaller text sizes were displayed and conversely made more frequent, shorter glances when larger text sizes were displayed. This supports the suggestions made by Kingery and Furuta [8] that more information can be processed during one fixation when text is smaller. While we did not investigate individual fixations in this respect, the evidence does suggest that more information is processed during each off-road glance when text is smaller.
Under normal circumstances, this could be seen as an advantage. Using fewer, longer glances might be a more 'economical' way of processing information. However, in the case of driving, long off-road glances (i.e. greater than two seconds) are known to increase crash risk [5] . There was a significant increase in off-road glances greater than two seconds between the 6.5mm condition and the 5mm condition. On average, participants made 3.6 off-road glances greater than two seconds (out of an average total of 9.2 off-road glances) when text was 5mm, indicating that text sizes of 5mm or smaller may be inappropriate for use on dashboard-mounted consoles. This is particularly important given the emphasis given to reducing the number of long glances within existing guidelines documents [5] .
Despite the effects on off-road glances, there were no significant effects of text size on driving measures. This does not correspond with the findings of Liang and Lee [3] , who found that visual distraction had adverse effects on steering as well as increasing and prolonging off-road glances. It is possible that our measures were not sensitive enough or that the driving scenario was not challenging enough: presenting drivers with a straight motorway made it relatively easy to maintain a constant speed and lane position. A road with bends or potential hazards might have induced changes in driving behaviour in response to different text sizes. Nevertheless, the environment used during testing was equivalent to that specified by recognised distraction guidelines/protocols, such as NHTSA [5] , which are intended to provide relative assessment of visual-manual distraction effects.
It is also possible that drivers employ compensatory mechanisms: when they feel that the task is harder, it is possible that they pace their off-road glances more carefully, only looking away from the road when they believe they have sufficient available resources to do so safely.
Analysis of the subjective ratings showed that, despite there being no effects of text size on the primary driving task or on reading time, there were effects on participants' perceptions of the suitability of the different text sizes while driving. So, even though there were no significant detrimental effects on their driving speed and lane position, participants felt that text sizes of 6.5mm and smaller were too small for use in this context. These findings are consistent with previous studies, in which subjective measures are more sensitive than objective measures to changes in text size (e.g. [12, 13] ). If drivers are employing compensatory or coping mechanisms that allow them to maintain their driving performance, even with smaller test sizes, the subjective results indicate that they do not necessarily feel comfortable doing so.
Together, the results suggest that text sizes of 6.5mm or smaller are unsuitable for use on central dashboard-mounted consoles, at least for the type face, colour and resolution tested, and within the context of the simulated driving environment used during testing.
Other factors have been shown to influence legibility, such as colour [22] , line length [23] and type face [24] . However, we followed Green et al.'s [21] guidelines in an attempt to optimise legibility in terms of colour, type face and spacing so while this undoubtedly warrants further studies, it is unlikely that variations in these factors will decrease the text size required for optimised performance. Therefore, we conclude that designers of interfaces for central dashboard-mounted consoles should avoid using text sizes of 6.5mm or smaller.
Are the results of this study transferrable to real text reading on dashboard-mounted displays? The pseudo-text reading task by definition forces the reader to read letter-byletter. However, when reading genuine, meaningful text, it has been argued that words are not recognised serially. Evidence to support this includes 'word superiority effect': the finding letter recognition is better when letters are presented within the context of words compared with when letters are presented in isolation or within the context of non-words [25, 26] , suggesting that we read by processing the overall shape of words rather than individual letters. However, many eye-tracking studies have provided evidence against the word shape model [27, 28] , and now most psychologists accept a parallel letter-recognition model of reading, where letters within a word are recognised simultaneously.
This suggests that normal text reading is dissimilar to pseudo-text reading in terms of how the visual information is processed, even though eye-movements when reading pseudo-text are thought to be similar to those during normal reading [18, 19] . As mentioned earlier, normal text reading involves comprehension of semantic information, and it has been shown that factors that affect legibility (such as walking with a mobile phone, or indeed driving) can have differential effects on reading for comprehension and reading pseudo-text [29] . Therefore, we do not assume that the effects of text size shown in this experiment will extend to reading news items or e-mails from dashboard-mounted consoles. However, we believe that our results are ecologically valid for the primary use of dashboard-mounted consoles in cars, which is likely to be the presentation of lists and menus, involving searching and scanning rather than reading.
Conclusion and Further Work
Text size is a significant factor in determining the quality and legibility of text-based content on displays and, although the text provided on in-vehicle displays can vary considerably in size, little was known about the effects this has on how drivers visually sample the interface, and the potential implications for driving performance and user acceptance. The study revealed that, although there were no apparent decrements to driving performance associated with reducing text size, drivers naturally extended glance duration when text size became smaller as they attempted to process more information during each glance. Drivers also indicated strong preferences for the median sizes tested. Based on these results, it is recommended that designers of interfaces for central, dashboard-mounted consoles should avoid using text sizes of 6.5mm or smaller. To support the findings, further work should investigate different reading tasks and different driving conditions and contexts, such as urban or night-time driving. It would also be of interest to consider older drivers, whose declining visual acuity, due to the natural ageing process, may represent a further limiting human factor. All additional work should aim to optimise text size to minimise distraction but also consider how this impacts on visual sampling strategies and information processing.
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